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The spectrum and dominant strong decay properties of the doubly heavy baryons are revisited 
by using a chiral effective model with chiral partner structure. By regarding the doubly heavy 
baryons In the ground states and light angular momentum ji = 1/2 sector of the first orbitally 
excited states as chiral partners to each other, we estimate the mass splitting of the chiral partners 
which arises from the spontaneous breaking of chiral symmetry to be about 430 MeV for baryons 
including an unffavored light quark and about 350 MeV for that including a strange quark. We 
point out that, similar to the heavy-light meson sector, the intermultiplet decay from a baryon with 
negative parity to its chiral partner and a pion is determined by the mass splitting throught the 
generalized Goldberger-Treiman relation. Furthermore, the isospin violating decay of Dec baryon, 
((1/2)“, (3/2)“)s —>■ ((1/2)’'", (3/2)’'’)s -|-7r° through the rj-Tr° mixing is the dominant decay channel 
of the doubly heavy baryons including a strange quark. 

PACS numbers: 11.30.Rd,12.39.Fe,12.39.Hg,13.30.-a 


The heavy hadron spectroscopy has drown extensive 
attention since last decade because of the observation of 
the large amount of heavy hadrons in particle colliders. It 
is reasonable to expect that more and heavier resonances, 
such as the doubly heavy baryons (DHBs) concerned in 
this work, could be observed by the ongoing and future 
scientific facilities such as LHCb and Belle B. 

The existence of DBBs is an immediate prediction of 
QCD. The theoretical discussion of these baryons has 
been done for a long time [H-Q. Meanwhile, several ex¬ 
perimental efforts have been made to detect such states 
and the positive results from SELEX shows that the mass 
of the doubly charmed baryons 5+ is about 3520 MeV [^. 
In this paper, we investigate some properties of the DBBs 
based on the chiral partner structure. Since there is only 
one light quark in a DBB, unlike the light baryons, its 
chiral behaviour is quite simple. 

The chiral partner structure of hadrons including 
heavy quark has been studied by several groups. In 
the heavy-light meson sector, the pioneer idea was pro¬ 
posed by Nowak et al. in Ref. Q and then Bardeen 
and Bill Q. In this picture, the heavy-light meson dou¬ 
blets in the heavy quark limit with quantum numbers 
(1“,0“) and (l’'’,0’'’) are regarded as chiral partners to 
each other and the mass splitting of them is induced by 
the dynamical breaking of the chiral symmetry so that 
the magnitude is about the constituent quark mass. This 
was confirmed by the spectrum of the relevant particles: 
rriD* —mp) CCS. mp-^ —mp* ~ 450 MeV is at the same order 
of rrip^g (2317) — mn ~ (2460) — mp* ~ 350 MeV 

(see, e.g., Refs. [3-0)- In the sector of heavy baryons 
including a heavy quark, the chiral partner structure are 
mainly accessed based on the bound state approach (see, 
e.g.. Ref. 0 and references therein). In this sector, there 
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are some disagreements about the chiral partner struc¬ 
ture. Normally, the chiral partner of the ground state 
baryon Ac(2268)( = I"*") is regarded as Ac(2595) with 

= i . Bowever, a recent analysis with including the 
lowest lying vector mesons p and lo meson effects shows 
that the chiral partner of 2286) is the , | ) 

heavy quark doublet with a mass of about 3.1 GeV [lOl| . 
This disagreement might arise from the fact that, in con¬ 
trast to the heavy-light meson sector and also the DBBs 
considered in this work, in the heavy baryons including 
one heavy quark, there are two light quarks so their chiral 
properties are not so simple. 

Schematically, the quark contents of a DBB can be 
written as QQq with Q and q being the heavy quark and 
light quark constituents, respectively. Since the DBB is 
a colorless object, the two heavy quarks in it form an 
anti-color triplet Because the heavy quarks in the 
DBB have a large mass, it takes a much larger energy 
to orbitally excite the heavy constituent quark than to 
orbitally excite the light one, it is reasonable to regard 
the two constituent quarks as an static compact object 
without orbital excitation and denote the constituent of 
the DBB as with being the heavy quark compo¬ 
nent which should be a bosonic quantity. With such an 
intuitive picture in mind, one can define the chiral part¬ 
ner structure similar to that in the heavy-light meson 
sector 

Since two heavy quarks in a DBB is antisymmetric in 
color space, they should have the total spin Jq = 1 in s- 
wave and, therefore DBBs in the ground states can form 
a heavy quark doublet Dq whose components have quan¬ 
tum numbers = 5^, |^- For the first orbital excita¬ 
tion with relative angular momentum between the light 
quark and heavy quark source ^ = 1, the light angular 
momentum could he ji = ^, |. Combing the ji = ^ one 
can form another heavy quark doublet Nq with quan¬ 
tum numbers = \ , | • We regard the doublets Dg 
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and iVq as chiral partners to each other and DHBs con¬ 
structed from ji = I can be regarded as chiral partners 
of some states from I = 2 baryons [3]. 

Similar to the heavy-light meson case, since there is 
only one light quark in a DHB, we can write the DBB 
doublets Dq and iVq in the chiral basis by introducing 
the fields D^.j^ ^ which at the quark level are schemati¬ 
cally written as Dq.^ ^ ^ ^^qL,R- Since the heavy quark 
component of the DBB is a boson, Dq,^ ^ should be 
Lorentz spinors and, under chiral transformation, trans¬ 
form as 

^Q;L,R 9L,rDq.^ p^, ( 1 ) 


doublets H and G with quantum numbers (0,1) and 
(0+,l+), respectively, through 

'Hr = ^[G - , 'Hl = ^[G + iffys] , (5) 

where G and H are heavy-light meson fields with the 
positive and negative parity, respectively. In terms of 
the physical states, they are expressed as 

g=^-^[-dTi^i^ + di] . ( 6 ) 


where gh.R S SU{2>)l^r. In terms of the Dq and iVq, we 
can write 



which transform as Dq,^ ^ o ^oDq-^.r^l under par¬ 
ity transformation and satisfy ^Dq.^ ^ = Dq.j^ ^ and 
^ = 0 for preserving the heavy quark symme¬ 
try and keeping the transversality. And, for later con¬ 
venience, following the procedure given in Ref. [lll |. we 
write the DBB doublets Dq and IVq in terms of the 
physical states as 


Q 2 

atm = 

Q 2 


(3) 


which is the same as that for the heavy baryons including 
one heavy quark mill and 'kgg is the spin-| Rarita- 
Schwinger field. One can easily check that these spinors 
satisfy ^Dq = Dq and ^A^q = iVq. We have imposed 
the intrinsic parity behaviour 


P ■ ^QQ “ 70^'QQ.m: ^QQ 70^'QQ, 

'^QQ 70^'qq,^, ^'qq - 70^'qq- (4) 


It should be noticed that, since in the heavy-light meson 
fields, the heavy component is a heavy quark and the 
light component is a light antiquark, not the chiral fields 
'Hl,r but their conjugates 'Hl ji = ^o'Hl,r1o transform 
as the chiral quark fields qL,R under chiral transforma¬ 
tion, i.e., the same as Eq. O- Bere, we consider only 
the terms which survive in the heavy quark limit and 
including the terms up till one derivative. For the light 
mesons, we consider the chiral field M which transforms 
as M —>■ under chiral transformation. The effec¬ 

tive Lagrangian is written as dill 

Cm = tr [hLiiv ■ d)'HL] + tr['H/{(i?; • 

- Atr [HLnL + HrHr] 

- I g.tT [HlM'Hr + 

JTT 

where A provides the mass shift to both G and H in the 
same direction. After a suitable choice of the potential 
sector of the light meson Lagrangian which will not be 
specified here, one can realize the chiral symmetry in the 
Nambu-Goldstone phase. In such a case, after the spon¬ 
taneous breaking of the chiral symmetry, the meson held 
M can be replaced by M -|- M with M = diag(t!, tia) 
being the vacuum expectation value of the chiral held in 
the isospin limit, which corresponds to the quark conden¬ 
sate, and M being the huctuation helds. Then, this gT^ 
term provides the mass difference between G and H as 


When the heavy quark in the DBB is c quark and the 
light quark is either of u, d and s quarks, the DBB held, 
for example 'I'qq stands for E!++,E!+ and D+, respec¬ 
tively. 

Now, we are in the position to construct the chiral 
effective theory of DBBs in the chiral basis. We note 
that the quark-diquark symmetry 0 relates the doubly 
heavy baryons with the heavy mesons having the same 
Brown muck [l5l| . For relating the parameters based on 
the quark-diquark symmetry, we hrst write an effective 
Lagrangian for the heavy-light mesons with the chiral 
partner structure by introducing chiral helds T-Lr ,R S 
Q. These chiral helds relate to the heavy-light meson 


AMi = mG,i - mH,i = g-^Ma , (8) 

where the sub-indices i stand for the light havor with 
i = 1,2 and 3 being and s quark, respectively. Bere 
we use u = /tt =92.4 MeV, so that we obtain = 4.65 
from AMu,d = 430 MeV. Note that the term also gives 
the interaction for the pionic transition between G and 
H. The relation between these two quantities are known 
as generalized Goldberger-Treiman relation [1,@]. On the 
other hand, the gA term gives the interaction of the pionic 
transition within G or H. The value of gA is determined 
from the experimental value of D* D + tt decay as 
gA = 0.56 (see e.g. 0). 
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Now, let us consider the effective Lagrangian for the 
doubly heavy baryons. As we stated above, the quark- 
diquark symemtry relates the Lagrangian to the above 
Lagrangian for the heavy mesons. The resultant effective 
Lagrangian is expressed as 


2<7’r 


WA 

U L 


+ D!^-,Rl5l''dM^DQ,^.L 


(9) 


Cb = -I- Dj^.^iv ■ dDQ.fj,.R 

I 


By substituting (I2|) into the Lagrangian © and consid¬ 
ering the spontaneous chiral symmetry breaking, one ob¬ 
tains the Lagrangian 


Cb = ■ dDo,^ + Ni^tv ■ dNa-f, - A ( 


0 




D'i^l5ludy‘^Dc^.^ - + D'^jbh^d^SNQ.^ + NQj5li^d^SDQ.f, , 


2 
gA 

U L 


( 10 ) 


where S and $ are defined as M = 5” -I- = S' -I- 2z (7r“T“) with 7r“ being the pion helds and tr (TaTh) = (1/2)5“^. 

I- 


As for the case of heavy mesons, the A term shifts the 
masses of the DHBs to the same direction, and term 
provides the mass difference between the chiral partners 
as 


548 MeV, this channel is forbidden due to the kinetic rea¬ 
son and dominant channel should be fleets ^cc,s + 
arising from the rj-ir^ mixing. The partial decay widths 
are expressed as 


AMB-,i = rriD^ ^ - = g^Mu, (^ 1 ) 

which is exactly same as that for the heavy-light mesons 
in Eq, (|S]). Then, the mass difference for the non-strange 
doubly heavy baryon is determined as 


"ioc!,, “ = 430 MeV. (12) 

When we identify the quantum numbers of the S+ ob¬ 
served in Ref. as one can estimate the mass of the 
state S*+ as 3950 MeV. 

We next consider the intermultiplet one-pion decays of 
the DHBs in the isospin symmetry limit. The relevant 
partial widths are expressed as 


r( 5 *++ 

^ V CC 




+ ^°) = r {E'++f^ -A E++^ + TT°) 


{AMb-uA? 


IPt. 


(13) 


where Iptt | is the three momentum of tt in the rest frame of 
the decaying DHB. Other partial widths of different pos¬ 
sible charged states can be obtained by using the isospin 
relation. Our numerical results are given in Table. HI 
We next consider the DHBs including a strange quark. 
In such a case, by using the spectrum of the heavy-light 
meson including a strange quark, one predicts [7 h9| 


= ^Gs - rriH, = 350 MeV. (14) 

In this sector, due to the conservation of isospin, one 
might naively expect the dominant transition channel of 
is + V- However, since the mass split¬ 

ting 350 MeV is smaller than the eta meson mass = 


r (h:+ ^ H+ + 7 T°) = r (L!;((+ ^ 00+ 

{AMb-sY 


+ 7r°) 


27r/2 


\P'^ 


(15) 


where A^o^ = —5.32 x 10“^ is the magnitude of the g-ir^ 
mixing estimated in Ref. [l8|based on the two-mixing 
angle scheme (see, e.g. Ref. [1^ and references therein). 
Since magnitude of the isospin breaking mixing is 
very small, the partial width of decay 0*+,, —>• H+-|- 7r° 
is small. This situation is very similar to what happens 
in the heavy-light meson system in which the Dso(2317) 
is regarded as the chiral partner of Ds and the domi¬ 
nant decay channel of the former is the isospin violating 
process Dso(2317) -A + 7r°. 

We further make a comment on the mass splitting of 
the baryons in a doublet which beyond the scope of the 
Lagrangian ((9)) we constructed. Here we just quote the 
result obtained in Ref. [^ . 


= T (m£). - mn) — 105 MeV, (16) 

which is smaller than the pion mass. So that, in contrast 
to the heavy-light meson sector, the one-pion intramul- 
tiplet decays are forbidden in the DHB sector due to 
the kinetic reason. Note that it is reasonable to expect 
60% correction from C>(l/mc) to result (fTHI) for doubly 
charmed baryons [l5l| so that the one-pion decay channel 
could open for the intermultiplet decay. 

Since the mass splitting between the chiral partners 
are from the spontaneous breaking of chiral symmetry, 
a particularly relevant problem is what will happen for 
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Spectrum 

Prediction (MeV) 

Decay channel 

Partial width (MeV) 

— rr 

3950 

■=*+-1- H'*'"'" -1- 

“CC ' ^CC ' ''' 

331 

U 

3625 

H*++ —>• H+ -1- 7r+ 

^CC ' “CC ' 

662 


4055 

—>■ H++'' -1- 

“CC ' ' — C.C ' '' 

332 


4028 

^ H// -b 7r+ 

663 


3783 

fl*/" ^ 

20 X 10"^ 

/u 

4133 


20 X 10"'=' 


TABLE I. Spectrum of the doubly charmed baryons and the partial widths of one-pion intermultiplet transitions. Here we take 
= 3520 MeV 0], = 3678 MeV and m^± = m^o ~ 140 MeV as input. Other partial widths of intermultiplet 

transitions can be obtained by using the isospin relation. 


this splitting in QCD under extreme condition. From 
the lessons in the heavy-light meson sector [l3, [13, it 
is reasonable to expect that the magnitude of the mass 
spitting will be reduced in hot/dense matter. Such a 
scenario might be tested in a future scientific facility. 

We finally want to stress that the present work mainly 
concerns the spectrum and dominant strong decay chan¬ 
nels of the DHBs. Some other quantities such as the weak 
transitions of the DHBs through changing a heavy flavor 
are also interesting phenomenologically. These physics 
will be reported elsewhere. 

In summary, we studied the spectrum and the domi¬ 
nant strong decay properties of the DHBs based on the 


chiral dynamics. We point out that the mass spitting 
between the lowest lying DHBs and their chiral partners 
is about 450 MeV for the unflavored DHBs and 350 MeV 
for the stranged DHBs. Moreover, we predicted that, 
due to the kinetic reason, the dominant decay channel of 
the parity odd strange DHB is isospin violating process 
therefore the partial width is small. 
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